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(NWt  IP  <o42.  puhhealion  I  N(  I  ANSI  I  III)) 

(I  )  Metallographic  studies  were  conducted  on  small, 
cvlmdrical  sleel  projectiles,  containing  internal  circumferential 
gtooves.  that  hail  previously  impacted  thin  steel  or  simulated 
conciete  targets.  I  Itese  experiments  were  performed  to  examine 
the  survivability,  during  impact,  of  penetrator  warheads  that  used 
the  shear-control  method  of  fragmentation  control.  Projectiles 
tested  attains!  simulated  concrete  targets  experienced  outward 
bulging  and  eventually  failure  at  higher  impact  speeds.  Such 

failure  normally  occurred  in  the  sidewall  immediately  behind  its 
junction  with  the  nose.  Placement  ol  a  shear-control  groove  in 
this  /one  resulted  in  premature  shear  failure.  Projectiles  tested 
against  thin  steel  targets  typically  failed  by  disintegration  of  the 
nose  through  a  combination  of  (  I )  longitudinal  fracturing 

associated  with  mushrooming  of  the  frontal  portion.  (2) 

circumferential  fracturing  resulting  from  multiple  spalling  along  the 
back  surface,  and  (4)  adiabatic  shearing  along  the  periphery  of 
the  impact  surface.  Sidewall  bulging  was  less  extensive  than 
that  experienced  during  impact  against  concrete  for  the  same 
initial  impact  speed.  However,  the  presence  of  a  shear-control 

groove  in  this  region  resulted  in  the  initiation  ol'  adiabatic 
shearing  at  the  root  of  the  groove. 
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INTRODUCTION 


I  lie  shear-control  method  of  fragmentation  control  is  now  widely  used  in 
bombs  and  warheads  to  produce  fragments  of  desired  shapes  and  sizes  and  to 
achieve  specific  fragmentation  signatures  for  weapons,  first  developed  at  the  Naval 
Weapons  Center  (NWC).  the  technique  uses  a  pattern  of  grooves  which  forms  a 
grid  system  on  the  inner  surface  of  the  warhead  case  (References  1  and  2).  This 
grid  functions  as  a  family  of  dynamic  stress  raisers  and  controls  the  locations  of 
shear  fracture  initiation  in  the  case  during  the  detonation  and  case  expansion 
process. 


I  his  control  method  is  most  effective  in  a  warhead  with  ease  thickness  and 
material  properties  such  that  shear  fracture  predominates  in  the  fragmentation 
process,  (iood  control  also  requires  that  the  geometry  of  the  grid  pattern  comple¬ 
ments  the  strain-field  geometry  during  case  expansion  and  that  the  grid  spacing  and 
grid  profile  configurations  are  optimized  for  the  required  fragmentation  signature. 

1  his  control  method  has  been  effectively  used  in  a  wide  range  of  bomb  and 
warhead  si/es  with  a  variety  of  different  steels  ranging  from  the  lower-strength, 
plain,  low-carbon  types  to  many  of  the  more  ductile,  high-strength,  heat-treatable 
ones  (Reference  I)  To  date,  most  of  these  applications  have  been  for  either 
air-burst  or  surface-burst  weapons.  However,  there  is  also  a  need  for  fragmentation 
control  methods  suitable  for  the  warheads  of  penetrator  weapons  to  be  used 
against  hard  and  moderately  hard  targets.  Accordingly,  the  shear-control  method  is 

currently  being  studied  for  possible  use  in  penetrator  weapons  that  will  be  employed 
against  more  resistant  targets  such  as  ships  or  reinforced  concrete  earth  structures. 
Io  be  effective  in  these  situations,  the  weapon  must  penetrate  some  distance  into 
tlie  target  before  the  warhead  is  detonated.  Since  the  warhead  itself  is  the  main 

penetrator  component  of  the  weapon,  it  must  be  designed  to  withstand  severe 
loading  conditions  during  the  impact  and  penetration  process.  However,  since  a 
shear-control  grid  which  has  been  machined  or  formed  into  the  inner  surface  of  the 
case  may  act  as  a  stress  raiser  during  target  interaction,  there  has  been  concern 
that  the  presence  of  such  a  grid  might  affect  the  structural  integrity  ol  the  case 

and.  hence,  the  survivability  of  the  weapon. 

[his  report  deals  with  part  of  an  ongoing  program  designed  to  study  this 

potential  problem  of  grid  usage  and.  il  possible,  to  establish  design  limitations  for 
the  use  ol  such  grids.  I  xperimental  portions  of  this  program  involved  the  use  of 
small-scale,  steel  penctrators  which  were  gun-fired  against  targets  of  steel  plate  and 
targets  ol  simulated  concrete.  Inc  present  report  deals  primarily  with  mctallographic 
observations  regarding  the  failure  processes  which  occurred  in  these  small-scale  steel 
penctrators.  One  of  the  failure  processes  observed  in  these  studies,  and  stressed  in 
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this  report,  is  the  oeeurrenee  of  concentrated  shear  hands  in  the  niierostrueture  of 
the  steel  which  can  serve  as  precursors  to  shear  fracture. 


BACKGROUND 


A  simple  penetrator  warhead  consists  basically  of  an  explosive-filled,  hollow, 
steel  cylinder  w.n  a  thick,  solid  nose  section  at  the  front  (impact)  end  to  protect 
tne  explosive  filler  and  aid  in  the  target  penetration  process.  The  front  end  of  the 
penetrator  is  usually  shaped  in  some  manner  to  optimize  penetration. 

Damage  to  the  penetrator  as  a  result  of  target  impact  tends  to  occur  in  the 
nose  section  and  at  the  junction  between  the  nose  and  the  cavity  wall,  f  or  those 
penetrators  with  a  relatively  flat  front,  damage  to  the  front  end  results  initially 
from  transient  stress  wave  interactions  which  may  cause  spalling  and  corner 
fracturing  if  the  stress  pulses  are  sufficiently  large  in  amplitude  and  of  short 
duration,  as  are  normally  produced  in  the  perforation  of  a  steel  plate  target 
(Reference  3).  As  the  transient  effects  die  out.  contact  forces  result  in  material 

How  along  and  away  from  the  frontal  surface.  A  different  type  of  behavior  (i.e..  a 
typical  mushroom  shape)  can  result  if  the  nose  is  sufficiently  blunt,  the  material 
is  ductile,  and  the  contact  forces  acting  on  it  are  both  large  and  of  extended 

duration,  as  would  be  encountered  in  the  penetration  of  a  massive  concrete  target. 
These  same  forces  also  produce  an  outward  bulging  of  the  cavity  wall  at  its 
junction  with  the  nose.  This  zone  of  bulging  is  frequently  referred  to  as  the 
primary  zone  of  failure,  and  it  is  within  this  region  that  failure  of  the  wall 

normally  occurs.  It  was  originally  thought  that  the  presence  of  a  shear-control 

grid  on  the  inner  surface  of  the  penetrator  wall  might  lead  to  premature  failure 

of  the  wall  during  impact  if  placed  sufficiently  close  to.  or  within,  this  primary 

zone  of  failure. 

In  order  to  investigate  the  effects  of  shear-control  grids  on  the  survivability 
of  penetrator  warheads,  a  series  of  small-scale  tests  were  conducted  against  both 

simulated  concrete  and  thin  steel  targets  using  gun-launched  hollow  steel  penetrators 

containing  a  single  circumferential  groove  on  the  inside  surface  of  the  cavity  wall. 
This  groove  was  loeated  either  within  or  behind  the  primary  zone  of  failure,  and 
its  depth  was  varied  for  different  tests.  A  number  of  smooth-wall  penetrators 

(containing  no  internal  groove)  of  the  same  size  were  also  tested  for  comparison. 

In  a  complementary  study,  impact  conditions  were  modeled  analytically  using  a 
two-dimensional  finite  element  code.  In  addition,  a  microstructural  analysis,  using 

refleeted-hght  microscopy,  was  conducted  on  selected  penetrators  in  order  to  study 
the  damage  process  more  intimately.  The  present  report  treats  the  results  of  the 

microstructural  studies,  although  a  brief  description  of  the  experimental  procedures 
is  also  presented  for  completeness.  The  results  of  the  experimental  program  and  the 
analytical  studies  have  been  reported  previously  (References  4  and  5). 
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I  XPI  RIMI  NTAL  PROC  LDURLS 


PI  NI  TRATORS 

Penetrators  consisted  of  2-mch-long.  0.5-inch-diamclcr.  flat-fronted.  hollow  sled 
cylinders  machined  from  SAP  4340  steel  bar  stoek.  The  nose  ol  the  penetrator  was 
0.25  inch  thick  in  the  center,  and  the  cavity  wall  was  0.04  inch  thick.  The  inside 
surface  of  the  impact  end  was  machined  to  a  hemispherical  shape  in  order  to 
minimize  stress  concentrations  that  would  ordinarily  occur  at  the  transition  between 
nose  and  cavity  wall  during  impact.  Penetrators  requiring  a  shear  control  groove 
contained  a  single  circumferential  "vee"  groove  with  a  bO-degrcc  included  angle  and 
a  depth  of  either  0.004  or  0.00<3  inch  machined  into  the  inside  surface  ol  the 
cavity  wall.  Ihe  circumferential  groove  was  positioned  either  0.4b  or  0.71  inch  from 
'lie  front  of  the  penetrator.  A  0.4b-inch  distance  placed  the  groove  exactly  at  the 
junction  between  the  nose  and  wall  ami  in  the  primary  zone  of  failure,  while  a 
0.7 ] -inch  distance  located  the  groove  behind  the  expected  zone  of  failure.  After 
being  machined,  penetrators  were  heat-treated  to  a  hardness  of  3<S  40  R(  ,  after 
which  the  outside  surface  was  plated  with  a  thin  (about  0.00 l-ineli )  coating  of 
copper  in  order  to  minimize  damage  to  the  gun  barrel  during  launching.  The 
different  penetrator  designs  used  in  these  studies  are  shown  in  figure  I.  The 
relative  overall  behavior  of  the  different  designs  has  been  described  previously 
( Reference  4). 

TA  ROM'S 

Penetrators  were  tested  against  two  types  of  targets  thin  steel  and  simulated 
concrete.  Steel  targets  consisted  of  hot-rolled.  I  I b-inch-thick.  low-carbon  sheet 
material  with  a  hardness  of  55  R|p  Simulated  concrete  targets  were  made  of 
I  horite  (Standard  Dry  Wall  Products),  a  fast  setting  commercial  concrete  patching 
compound.  Ihe  preparation  of  the  Thorite  targets  has  been  described  previously 
I  Reference  4). 

TPST  PROCTDURL 

Pencil. itors  were  impacted  at  normal  incidence  to  the  targets  using  a  smooth¬ 
bore.  0 .50  caliber  evacuated  powder  gun.  Targets  were  positioned  sufficiently  close 
to  the  gun  muzzle  (b  IS  inches)  so  that  impact  velocities  could  be  approximated 
by  the  values  measured  in  the  gun  barrel.  These  velocities  vveie  obtained  using  a 
photo-diode  system  and  a  lime-interval  counter.  A  recovery  trough  tilled  with 
(  elotex  slabs  was  placed  immediately  behind  the  steel  targets  to  capture  any 
pci  bn  at  iii”  penetrators.  Impact  velocities  were  varied  from  about  2000  It  s  to  about 
5i>00  It  s  \  more  complete  description  of  the  experimental  apparatus  used  has 
been  documented  pieviously  iRcIcrcnce  (>). 
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METALLOGRA PH  1C  PROCEDURE 

Post-impact  pcnetrators  wore  ail  in  hull'  lengthwise  using  ;i  high-speed.  water- 
cooled.  (.’it l-o I'l'  wheel.  after  which  the  exposed  hall-sections  were  ground  lint  to  ;i  15- 
mieron  finish  and  photographed.  The  forward  portions  of  each  section  were  then 
mounted  in  Bakelitc  and  prepared,  using  standard  metallographic  techniques,  for  study 
with  an  optical  mieroseope. 

flic  primary  microstructure  of  the  hardened  penetrator  material  consisted  of 
fine  tempered  martensite  with  an  average  hardness  of  30  R(g.  In  addition,  hands  of 
impurities  ( principally  sulfides  and  oxides)  were  aligned  along  the  long  axis.  Align¬ 
ment  of  impurities  occurs  as  a  result  of  metal-working  processes  used  in  the  manu¬ 
facture  of  the  material.  !  his  normally  causes  some  reduction  of  strength  in 
directions  normal  to  the  alignment  direction. 


GENERAL  ANALYSIS  OF  PENETRATOR  BEHAVIOR 

I  he  nature  and  degree  of  damage  are  determined  by  the  target  type,  the  impact 
velocity,  the  presence  or  absence  of  shear  grooves,  and.  if  shear  grooves  are  present, 
the  locations  and  depths  of  the  grooves.  Projectiles  impacted  against  simulated  concrete 
targets  were  subjected  to  relatively  long-duration,  moderate  levels  of  stress  which  pro¬ 
duced.  at  impact  velocities  above  2000  ft  s.  a  pronounced  outward  bulging  of  the 
cavity  wall  immediately  behind  its  junction  with  the  nose.  At  a  velocity  between  2100 
and  2500  ft  s  (the  value  depending  on  the  presence  or  absence  of  a  circumferential 
groove  in  the  bulged  /one  and  on  the  depth  of  the  groove),  shear  fractures  initiated  in 
the  bulged  /one  with,  as  a  result,  partial  or  complete  severing  of  the  nose  portion 
from  the  wall.  During  the  perforation  of  steel  targets  in  the  same  impact  velocity 
range,  projectile'  experienced  very  short  duration,  high  stress  levels  with,  as  a  result,  a 
much  'inaller  amount  of  bulging  in  the  cavity  wall.  Ihe  reduction  in  sidewall  damage 
wa>  offset,  however,  by  extensive  damage  to  the  nose  of  the  penetrator  in  the  form  of 
multiple  spalling  ami  numerous  fractures  in  the  axial  direction  (Reference  7). 

Metallographic  examination  o|  pcnetrators  tired  against  both  types  of  targets  indi¬ 
cated  that  the  formation  ot  concentrated  shear  bands  in  the  microstructure  of  the  steel 
played  a  conli  ilnitory  lole  In  the  l.iilurv  processes,  lor  pcnetrators  fired  against  steel 
t. meets  the  slic.u  baud'  appeared  both  in  ihe  surface  area  ot  the  nose  and  in  the 
bu lead  mens,  heme  associated  will)  sheai  fractures  in  both  areas.  Ihe  shear  bands 
iilentii  ted  m  these  proiectiles  were  ol  the  white-etching,  transformation  type.  I  or 
p.  Hetr.itois  lued  Miitsi  llionte  targets,  broad  regions  of  deformation  were  loiunl  in 
smiie  "I  ihe  Indeed  areas,  wit!)  vvliat  appeared  to  be  me  stall  of  concentrated  sheai 
bands  within  those  /ones  However,  examples  ol  the  fully  formed,  narrow,  while- 
el  June  hands  were  not  tound  m  the  limited  numhci  ol  specimens  examined. 

111.  pi  ■  o  ess  ot  sheai  tailin'  in  the  Indeed  /ones  of  the  projectile  sidewalls 
app  al'  to  l\  a'  loiiows  Dunne  the  bulging  and  deformation  ol  the  sidewall  ill  the 
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primary  /one  of  failure.  broad.  indistinct ly  appearing  regions  ol  delormalion  approxi¬ 
mately  0.01  inch  wide  arc  first  formed.  With  continuing  load  the  w  lute-etching.  narrow, 
concentrated  hands  of  shear  are  then  formed  within  these  broad  regions  of  deforma¬ 
tion.  Almost  immediately  follow  me  the  lormation  of  the  narrow  shear  bands,  shear 
fractures  propagate  through  these  bands  and  result  in  separation  of  the  sidewall.  Careful 
examination  of  shear  fractures  in  the  sidewall  of  the  projectile  frequently  shows  resid¬ 
ual  traces  of  the  shear  band  along  the  edge  of  the  fracture  siirlace.  Because  of  the 
identification  of  shear  banding  in  the  failure  processes  ol  the  penelralors.  a  hricl 
review  is  presented  regarding  the  nature,  formation,  and  geometrical  orientation  ol  such 
bands,  followed  by  a  brief  discussion  ol  the  role  they  can  play  in  certain  types  of 
ordnance  applications. 


SHEAR  BANDS 


NATURE  AND  FORMATION 

Numerous  ordnance  materials,  including  mans  types  of  steels,  uranium-based 
alloys,  titanium  alloys,  and  aluminum  alloys,  show  evidence  that,  when  they  are 
subjected  to  intense  loads  of  short  duration,  failure  by  shear  fracture  is  often  preceded 
by  the  formation  of  narrow  bands  ol  concentrated  shear  deformation  in  the  micro¬ 
structure  of  the  material.  The  subsequent  patient  ol  shear  fracture  may  then  be 
governed  by  file  nature  and  geometry  ol  the  family  of  shear  hands  so  produced. 

Shear  bands  appear  in  two  basic  forms  ■transformation"  bands,  which  normally 
appear  as  narrow  light-colored,  etch-resistant  /ones  within  which  the  material  has  under¬ 
gone  a  permanent  phase  transformation  las  in  many  of  the  high-strength.  Ileal-treatable 
steels),  and  ■'deformation"  bands  which  appear  as  narrow  /ones  of  intense  grain  defor¬ 
mation  (as  m  the  plain,  low-carbon  steels).  I  lie  "Hv  sformalion"  bands  tend  to  be 
quite  narrow  with  a  width  of  up  to  about  21)  um.  while  the  "deformation"  hands  are 
somewhat  wider,  being  normally  from  one  to  several  grain  diameters  wide.  While  the 
boundaries  ol  a  transformation  band  are  usually  well  defined,  deformation  bands  have 
relatively  ill-defined  boundaries  owing  to  the  gradual  increase  of  delormalion  in  the 
grain  structure  as  the  center  of  the  band  is  approached.  Perhaps  the  easiest  way  to 
establish  the  width  ol  a  delormalion  band  is  by  means  of  a  microhurdncss  traverse. 

Both  types  n|  slieai  bands  are  best  observed  by  means  ol  optical  microscopy. 
I  igures  2  and  x  show  shear  bands  found  in  fragments  from  explosively  loaded  cylinders 
with  shc.ii-v.oniro|  ends  In  both  I  igures  the  shear  baud  emanates  from  the  root  ol  a 
vimtrol  I’lnoi  element  I  rune  2  shows  a  "transformation"  type  band  as  n  appeals  in  a 
hii'lici  -ii. .  it" t h  .tccl  (S  \l  4x41)1  \  partial  shear  fracture  is  visible  in  the  band.  Figure 

-  show,  a  ivpual  "dcloim.ilnm"  type  hand  as  it  appears  in  a  plain,  low-carbon  steel 
(S\l  In', 'i  Both  ivp.'s  ol  -In  .u  bauds,  which  represent  paths  ol  reduced  shear  strength, 
tlu  n  I',,  um,  the  ti.ue,  tones  |oi  the  propagation  ol  shear  liacture  through  the  metal. 
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FIGURE  2.  Photomicrograph  of  a  Concentrated  Shear  Band 
in  a  Fragment  from  an  Explosively  Loaded  SAE  4340  Steel 
Cylinder  with  a  Shear  Control  Grid  (100X  Magnification). 
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FIGURE  3.  Photomicrograph  of  a  Concentrated  Shear  Band 
in  a  Fragment  from  an  Explosively  Loaded  SAE  1015  Steel 
Cylinder  with  a  Shear  Control  Grid  (100X  Magnification). 


FIGURE  16.  Section  View  of  Penetrator  With  Shallow 
Control  Groove  Behind  Primary  Failure  Zone  ( P - 7 1 S ) 
After  Impact  on  Concrete  Target  at  2460  ft/s. 


FIGURE  1b  Section  View  of  Penetr.itor  With  Deep 
Control  Groove  in  Print, ny  F.nlure  Zone  (P46D) 
After  Imp, ret  on  Concreti:  E.irpet  ,it  2130  ft/s. 


FIGURE  14.  Section-View  of  Penetrator  With  Shallow 
Control  Groove  in  Primary  Failure  Zone  (P-46S) 
After  Impact  on  Concrete  Target  at  2320  ft/s. 
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FIGURE  12.  Photomicrograph  of  Concentrated  Shear 
Bands  in  Incipient  Shear  Failure  Zone  Shown  in 
Figure  11  (75X  magnification). 


BLHAVIOR  AGAINST  SIMULATED  CONCRETE  TARGETS 

Small-scale  penetrators.  with  a  ml  without  shear-control  grooves,  were  tired  at 
simulated  concrete  targets.  At  impact  speeds  of  about  2200  ft/s  and  above,  smooth 
wall  penetrators  showed  a  significant  amount  of  outward  bulging  in  the  cavity  wall 
at  its  junction  with  the  nose.  Ibis  effect  can  be  seen  in  figure  13,  which  shows 
the  forward  end  of  a  plain-wall  penetrator  which  impacted  at  2400  ft/s.  While 
noticeable  bulging  ol  the  sidewall  occurred,  no  fractures  were  formed. 

for  penetrators  impacting  at  a  slightly  higher  velocity,  about  2500  ft/s. 
complete  shear  t allure  ot  the  wall  occurred  on  the  forward  edge  of  the  bulged 
/one  and  the  nose  section  was  squee/cd  backward  into  the  inside  of  the  bulged 
portion  ot  the'  c.nitv  wall  At  increasing  impact  speeds  this  process  caused  the 
c  av  1 1 \  wall  to  sp 1 1 1  open  longitudinal!;,  in  several  places,  with  the  individual  wall 
ecL'inciits  lorming  outward-curling  petals. 


I  italic  I!  shows  a  control  groove  as  it  appears  in  the  bulged  region  of  a 

pcnctrator  which  impacted  at  2 <S 3 C )  It  s.  I  h is  projectile  had  a  deep  control  groove 
located  0.4b  inch  from  the  front  surface.  The  groove  was  almost  closed  during  the 
deformation  of  the  sidewall.  A  white  shear  band  can  be  seen  extending  from  the 

region  of  the  groove  to  the  outside  surface  of  the  sidewall,  figure  12  shows  an 
enlarged  view  of  the  shear  band.  It  appears  that  several  /ones  of  incipient  shear 
fracture  have  formed  within  the  band.  The  propagation  and  linking  together  of  such 
fractures  along  the  entire  length  of  the  shear  band  would  ultimately  produce  catas¬ 
trophic  failure  and  separation  by  complete  shear  fracture  through  the  wall  of  the 
pcnctrator.  This  type  of  shear-band  associated  failure  in  the  sidewall  of  a  projectile 
can  be  seen  in  figure  b.  This  projectile,  which  had  a  deep  control  groove  located 

0.4b  inch  from  the  front  surface,  failed  in  the  sidewall  at  an  impact  velocity  of 

2450  ft/s.  Microstruetural  examination  showed  that  the  shear  fracture  in  the  sidewall 
had  propagated  through  a  precursor  band  of  concentrated  shear  in  the  microstructure 
of  the  steel. 


FIGURE  11  Photomicrograph  of  Incipient  Shear 
Failure  in  a  Primary  Failure  ?one  Containing  a  Deep 
Control  Groove  (P46D)  After  Impart  on  a  Steel 
Target  at  2830  ft  s  (pOX  magnification) 


NW (  Tl>  654. 


.  i  Ir 


"•s. 


V 


...  > 


FIGURE  9.  Photomicrograph  of  Concentrated  Shear 
Bands  at  Outer  Edge  of  Front  Surface  in  Penetrator 
Shown  in  Figure  7  (200X  magnification). 


FIGURE  10.  Photomicrograph  of  Concentrated  Shear 
Band  at  Outer  Edge  of  Front  Surface  in  Penetrator 
Shown  in  Figure  7  (200X  magnification). 
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FIGURE  7  Section  View  of  Penetrator  With  Shallow 
Control  Groove  Behind  Primary  Failure  Zone  (P-71S) 
After  Impact  on  Steel  Taipet  at  2980  ft.  s . 
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FIGURE  6.  Section  View  of  Penetrator  With  Deep  Control 
Groove  in  Primary  Failure  Zone  (P-46D)  After  Impact 
on  Steel  Target  at  2950  ft/s. 


figures  7  anil  S  show  penetrators  which  impacted  at  similar  velocities  of 
2dS0  and  2070  It  s.  respectively.  Both  penetrators  had  grooves  located  0.71  inch 
from  the  front  end  of  the  projectile  and  outside  of  the  primary  /one  of  failure. 
The  penetrator  of  figure  7  had  a  shallow  groove,  while  the  penetrator  of  figure  X 
had  a  deep  groove.  Although  the  buckling  was  somewhat  greater  for  the  deep 
groove,  neither  of  these  penetrators  sustained  shear  fractures  in  the  sidewall.  As  all 
of  these  figures  show,  the  primary  mode  of  failure  for  the  penetrators  which 
impacted  thin  steel  targets  was  disintegration  of  the  nose  and  not  failure  of  the 
sidewall 


White-etching  shear  hands  were  identified  both  in  the  surface  areas  of  the 
nose  and  in  the  bulged  areas  of  the  sidewalls.  In  both  locations  the  shear  bands 
were  associated  with  the  formation  of  shear  fractures,  figures  and  10  are 

representative  of  the  concentrated  shear  bands  which  formed  along  the  outer  edge 
of  the  projectile  face,  figure  l)  shows  multiple  bands  as  they  appeared  in  a 
projectile  which  impacted  at  d'fSO  fi  s.  while  figure  It)  shows  a  single  band 
lormed  oil  the  opposite  side  of  the  same  projectile  (see  I  igurc  ~T. 
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In  addition  in  the  damage  sustained  In  the  nose  seel  ion.  Buckling  occurred 
in  the  sidewall.  mainly  in  the  region  ills!  heliind  the  nose  section.  The  decree  of 
Buckling  produced  dependevl  on  the  impact  velocity  and  on  the  depth  and  location 
of  the  circular  groove,  it  one  were  present.  I  inures  5  and  6  show  this  sidewall 
e fleet  for  penctrators  which  impacted  at  similar  velocities  of  :i/X5  and  ddsQ  ft/s. 
respectively.  Both  penctrators  had  grooves  located  0.4(>  inch  from  the  front  end  of 
the  projectile  so  that  the  grooves  were  located  in  the  primary  /.one  of  failure.  The 
penetrator  of  figure  5  had  a  shallow  groove  which  resulted  in  minor  Buckling  not 
much  different  from  that  sustained  In  the  plain  wall  penetrator  of  figure  4  at 
about  the  same  impact  velocity.  I  he  penetrator  shown  in  figure  6  had  a  deep 
groove  which  resulted  in  complete  failure  of  the  sidewall  clue  to  shear  fracture 
emanating  from  the  groove. 


FIGURE  5.  Section  View  of  Penetrator  With  Shallow 
Control  Groove  in  Primary  Failure  Zone  ( P-46S )  After 
Impact  on  Steel  Target  at  2985  ft/s. 


extremely  short  impact  durations  which  caused  extensive  stress  wave  interactions 
in  the  penetrator  nose. 

Penetrators  without  grooves  were  tested  at  impact  speeds  up  to  about  3<>()()  It  s 
without  incurring  failure  In  I'raclure  in  the  sidewall,  even  though  at  the  h iy her  speeds 
the  nose  was  nearly  completely  destroyed.  Penetrators  with  grooves  located  in  the 
primary  /one  of  failure  showed  shear  fractures  emanating  lrom  some  ol  the  deep 
grooves  at  the  higher  impact  velocities,  but  the  primary  modes  of  failure  again 
occurred  in  the  nose  sections  of  the  penetrators. 

figure  4.  which  is  an  axial  cross  section  of  the  forward  portion  ol  a  plain-wall 
penetrator  (no  grooves)  which  impacted  at  2l>l>x  It  s.  shows  the  various  failure  patterns 
encountered.  Nose  damage  includes  (  I  )  lateral  bulging  of  the  frontal  portion  accom¬ 
panied  by  axially  oriented  tensile  fractures,  some  of  which  radiate  outward  from  the 
center  of  the  nose  and  others  of  which  appear  as  circular  ring  fractures,  with  both 
geometries  occasionally  terminating  with  a  shear  lip  at  the  frontal  surface;  (2)  shear 
bands  along  the  outside  edge  ol  the  frontal  surface;  and  (3)  a  family  of  parallel  tensile 
fracture  surfaces  identified  as  spall  fractures,  which  resulted  from  stress  wave  reflect¬ 
ions  off  the  back  surface  of  the  nose.  As  many  as  five  spall  surfaces  were  found  at 
the  higher  impact  speeils.  a  process  requiring  very  high-amplitude,  short-duration  stress 
transients. 


FIGURE  4.  Section  View  of  Smooth-Wall  (P-N)  Penetrator 
After  Impact  on  Steel  Target  at  2995  ft/s. 


uiul  projected  unchanged  to  the  condition  of  I rac t n re .  Among  these  are  (  I  )  the  orien¬ 
tation  of  the  prmeipal  stresses.  (2)  the  prineipal  plane  of  tensile  failure.  uikI  (3)  the 
geometrical  pattern  of  the  maximum  si. cm  trajectories.  This  approach  provides  a 
relative!)  simple  means  In  which  the  geometrical  orientation  of  the  preferred  planes  of 
shear  failure  can  he  predicted  even  under  the  intense  loads  produced  hy  high  velocity 
impact  or  contact  detonation,  it  is  along  these  preferred  planes  of  shear  failure  that 
the  shear  hands  are  formed,  becoming  in  many  instances  the  pathways  for  shear 
fracture.  Of  major  importance  in  this  approach  is  the  fact  that,  in  the  behavioral 
comparison  between  the  statical!)  and  impulsively  loader!  systems,  the  geometrical 
pattern  of  the  maximum  shear  trajectories  remains  the  same  whether  the  metal  is  in 
the  elastic  or  the  full)  yielded  condition  (Reference  12). 


ROLE  IN  ORDNANCE  APPLICATIONS 

In  ordnance  applications  shear  bands  have  been  studied  mainly  in  terms  of  the 
failure  processes  of  metal  targets  subjected  to  projectile  impact  (References  d.  13.  and 
14).  To  a  lesser  degree  they  have  been  studied  for  the  role  they  may  play  in  the 
fragmentation  process  of  explosively  loaded  cylinders  or  fragmentation  warheads 
(References  15  and  16).  Pearson  and  I  innegan  have  also  related  the  formation  of 
concentrated  shear  bands  to  the  highly  effective  fragmentation  control  exercised  by 
shear-control  grids  (Reference  1 6).  Other  investigators  have  discussed  the  possible  role 
of  shear  bands  in  the  shatter  behavior  of  kinetic  energy  penetrators  and  related  the 
penetration  performance  of  different  penetrator  materials,  at  least  in  part,  to  their 
relative  tendency  to  shear  adiabatically  at  the  impact  surface  (Reference  17). 

While  a  thorough  understanding  of  shear  banding  is  still  lacking  in  terms  of 
required  stress  intensities,  time  rates  of  loading,  the  thermomechanical  processes  of  for¬ 
mation.  anil  other  physical  and  metallurgical  aspects  of  their  behavior,  the  role  of 
shear  bands  in  ordnance  applications  is  quite  clear.  In  many  instances  they  are  the  pre¬ 
cursor  to  catastrophic  failure  by  shear  fracture,  fortunately,  even  though  the  overall 
knowledge  of  shear  band  formation  and  behavior  is  still  quite  limited  it  is  possible,  as 
indicated  above,  to  predict  the  geometrical  aspects  of  shear  band  formation  and  the 
subsequent  pattern  of  shear  fracture.  This  geometrical  analysis  can  then  be  applied  in 
order  to  (  1  )  use  these  failure  patterns  to  enhance  the  effectiveness  of  certain  types  of 
ordnance,  such  as  controlled  fragmentation  warheads,  or  (2)  restrict  their  formation 
through  appropriate  design,  as  in  the  survivability  of  targets  or  penetrators. 


RESULTS 

BEHAVIOR  AGAINST  THIN  STEI  L  TARGETS 

Penetrators  whiili  impacted  thin  steel  targets  su tiered  extensive  damage  to  the 
nose  m  addition  to  cautv-wall  damage.  I  he  tvpe  of  damage  sustained  hy  the  pene- 
tralor  nose  m  this  tvpe  ol  engagement  resulted  liom  the  large  contact  forces  and 
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The  "transformation"  type  of  slieai  hands  was  first  described  In  /enei  and 
llollomon  (Reference  <S ) .  They  are  commonly  found  in  martensitic  steels  loaded  at 
high  strain  rates.  Described  as  "adiabatic  shears"  (Reference  St  or  "concentrated 

shear  bands”  (Reference  d).  they  are  generally  thought  to  be  t  hernial  I  y  softened 
/ones  that  initiate  and  grow  along  trajectories  of  maximum  shear  stress  if  the  rate 
of  heating  within  the  /.one  from  mechanical  work  exceeds  the  rate  of  dissipation  In 
conduction  processes.  The  etch-resistant  white  band  is  considered  to  be  an 

untempered  martensite  which  results  if  the  temperature  of  the  shear  band  becomes 

high,  enough  to  transform  the  iron  into  its  high-temperature  (austenite)  phase,  the 
surrounding  metal  thereupon  senes  as  a  massive  heat  sink  and  a  high  cooling  rate 

results.  Recently.  Rogers  and  Shastry  showed,  with  microhardncss  measurements, 
that  the  white-etching  transformed  band  is  usually  preceded  by  a  light-etching  shear 
band  showing  intense  deformation  only  (Reference  10). 

That  the  "deformation”  type  of  shear  band  performs  the  same  failure  function 
in  other  metals,  that  such  deformations  can  be  initiated  by  the  same  general  inten¬ 
sities  and  geometries  of  load,  and  that  the  appearance  difference  is  a  function  of 
material  properties  are  more  recently  recognized  phenomena.  As  Rogers  has  pointed 
out  (Reference  II).  the  majority  of  the  adiabatic  shear  observations  reported  in 
nonferrous  metals  are  of  the  deformed  type,  while  the  transformed  type  is  prin¬ 
cipally  observed  in  ferrous  metals  (the  plain,  low-carbon  steels  are  a  notable 
exception ). 


GEOMETRIC  ANALYSIS 

In  the  geometric  sense,  shear  bands  follow  the  trajectories  of  maximum  shear 
which  exist  in  the  metal  part  during  the  loading  process.  Thus,  in  predicting  the 
potential  orientation  of  shear  bands  in  an  impulsively  loaded  metal  body,  one  must 
first  establish  the  geometry  of  the  stress  field  which  is  formed,  and  from  that 
geometry  determine  the  orientation  of  the  trajectories  of  maximum  shear.  A  general 
analysis  requires  that  the  dynamic  behavior  of  the  impulsively  loaded  metal  be 
momentarily  "frozen"  so  that  the  stress  field  that  exists  at  any  given  instant  in  a 
particular  element  of  the  body  can  be  viewed  by  static  concepts.  I  veil  though  the 
magnitudes  of  the  loads  ‘and  the  time-histories  of  loading  may  be  drastically 
different  between  the  statically  and  impulsively  loaded  systems,  the  orientation  of 
the  principal  stresses  and  the  planes  of  maximum  shear  as  they  are  momentarily 
established  in  the  element  of  the  body  can  be  determined  from  static  loading 
concepts  (i.e..  elastic  theory  ).  The  shear  plane  that  is  most  apt  to  support  failure 
can  also  be  readily  determined  from  a  three-dimensional  Mohr's  circle  analysis  based 
on  the  relative  magnitudes  of  the  three  principal  strains. 

By  not  involving  the  actual  quantitative  values  of  stress,  many  of  the  complex¬ 
ities  which  occur  in  going  from  the  elastic  state  through  gross  deformation  and 
finally  to  fracture  can  be  avoided  Rather,  the  analysis  is  restricted  to  certain 
qualitative  and  behavioral  features  which  can  be  established  from  elastic  relations 
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FIGURE  17.  Section-View  of  Penetrator  With  Deep 
Control  Groove  Behind  Primary  Failure  Zone  (P-71D) 
After  Impact  on  Concrete  Target  at  2448  ft/s. 
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V\  Ik-ii  circumfcrcnl lal  grooves  were  present  hi  the  heavily  bulged  areas.  pairs  ol 
broad.  rather  dil  I  icult-to-see  bands  of  deloi  mat  ion  were  Irequen'lv  ton  ml .  will)  Un¬ 
hands  emanating  al  ahoul  45  degrees  Irom  1 1  it-  region  ol  1 1  it-  collapsed  groove.  Il 
appears  that  the  formation  of  these  hands  was  i  tla  t  til  to  1 1  it-  t< )  1 1  a  pst-  process  of  the 
groove.  since  the  locations  ol  then  inner  and  outer  boundaries  coincided  with  the 
closure  length  of  the  groove 

lit  cse  broad  bands  ot  deformation  were  first  noticed  when  polished  and 
etched  half-sections  were  viewed  under  oblique  lighting  conditions.  I'nder  a  highly 
directional  fiber-optic  light  beam,  they  showed  up  as  either  light  or  dark  regions 
depending  on  the  orientation  ol  the  sample  with  respect  to  the  beam.  When 
viewed  tinder  normally  incident  lighting  the  bands  were  difficult  to  see  although 
some  alignment  of  the  grains  was  observed.  In  specimens  that  impacted  the  simu¬ 
lated  concrete  targets,  the  deformation  hand  directed  toward  the  nose  of  the 
projectile  was  generally  more  distinct,  as  though  it  had  undergone  a  greater  degree 
of  deformation.  When  wall  failure  by  shear  fracture  occurred,  the  fracture  normally 
propagated  through  the  band  with  this  particular  orientation.  Deformation  bands  of 
this  type  were  also  sometimes  associated  with  the  lesser  bulging  which  occurred 
when  the  grooves  were  located  outside  the  primary  failure  /one.  In  such  a  situation, 
both  of  the  deformation  bands  appeared  to  be  of  similar  intensity.  Complete  failure 
of  the  wall  was  not  observed  at  this  location,  although  some  permanent  bulging 
was  observed  at  the  higher  impact  velocities,  as  shown  in  figure  17. 
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